Prophages represent a large fraction of prokaryotic genomes and often provide new functions to their hosts, in particular virulence and fitness. How prokaryotic cells maintain such gene providers is central for understanding bacterial genome evolution by horizontal transfer. Prophage excision occurs through site-specific recombination mediated by a prophage-encoded integrase. In addition, a recombination directionality factor (or excisionase) directs the reaction toward excision and prevents the phage genome from being reintegrated. In this work, we describe the role of the transcription termination factor Rho in prophage maintenance through control of the synthesis of transcripts that mediate recombination directionality factor expression and, thus, excisive recombination. We show that Rho inhibition by bicyclomycin allows for the expression of prophage genes that lead to excisive recombination. Thus, besides its role in the silencing of horizontally acquired genes, Rho also maintains lysogeny of defective and functional prophages.
H orizontal transfer, and transduction in particular, are major contributors to the evolution of prokaryotic genomes (1) . Temperate phages contribute a substantial number of genes to their host genomes through lysogenic conversion. Indeed, pangenome studies reveal that up to 13.5% of Escherichia coli and 5% of Salmonella genomes are composed of prophage genes (2, 3) . Hosts frequently benefit from such massive gene acquisition. For example, host fitness and virulence can increase thanks to prophage genes: Numerous toxins, respiratory elements, antigenic variation systems are encoded by prophage elements (1, (4) (5) (6) (7) . Therefore, the temperate phage-host relationship should be considered as beneficial or symbiotic rather than pathogenic (8) . However, prophages are also molecular time bombs that can be induced under stressful conditions and kill their host cells (9) (10) (11) . To avoid such deleterious effects, bacteria are adapted to keep the balance between treat and threat by using general and pleiotropic regulators that act as genome sentinels. Two major sentinels have been described so far, the histone-like nucleoid structuring protein (H-NS) protein in Salmonella and the Rho transcription terminator in E. coli (12) (13) (14) (15) . Although they have a similar function and probably act at the same loci in E. coli (16) , the mechanisms involved are quite different: H-NS functions as a transcriptional repressor, whereas Rho acts as a transcription termination factor (17) (18) (19) (20) (21) .
Because prophages may be beneficial to their hosts, we hypothesized that hosts develop strategies for maintaining that gene source, albeit potentially harmful. Because prophages integrate into and excise from the host chromosome through site-specific recombination, we investigated whether regulation of site-specific recombination at the level of gene expression could be involved in this maintenance process. Two genes are required for excisive recombination: the integrase gene, which encodes the specific recombinase, and the recombination directionality factor (RDF) gene, which is necessary for directing the reaction toward excision (22, 23) . We recently characterized the regulation of intS gene expression and found that, like numerous integrase genes in prokaryotic genomes, intS was self-regulated to allow for optimal integrase production (24) . We thus hypothesized that if prophage maintenance was controlled at the gene regulation level, the target should be the RDF gene. We tested and validated our prediction by using two different prophage models, KplE1 and HK620, which both integrate at the integration hot-spot argW in E. coli MG1655 and TD2158, respectively (25) (26) (27) . KplE1 (also named CPS-53) is highly defective (it has only a 10-kb genome). However, it is fully competent for site-specific recombination and provides fitness to its host under oxidative stress conditions (28) (29) (30) . HK620 is a fully infectious P22-like phage that shares a highly conserved site-specific recombination module with KplE1 (27, 28) .
Results and Discussion
Rho Silences the torI RDF Gene in KplE1. Because the intS gene is always expressed at a low level due to a self-regulatory loop (24), we hypothesized that the genetic control of KplE1 maintenance could act on RDF gene expression. We thus sought for a regulator that could alter KplE1 gene expression in general and the RDF gene in particular. Some KplE1 genes, such as tfaS, are controlled by Rho (12) . However, when we searched through the transcriptomic data, we did not find any information about the RDF gene, torI, which was absent from the E. coli K12 databases because of its small size. We therefore investigated whether transcription of torI was affected by the addition of the Rho inhibitor bicyclomycin (BCM) into the culture medium. Notably, all in vivo BCM experiments with the MG1655 strain were performed in a kilR background to avoid the deleterious effect of kilR expression present in the Rac prophage (Table S1 ) (12) . Quantitative RT-PCR (qRT-PCR) experiments (Fig. 1A) showed that torI transcripts were approximately 15-fold more abundant upon addition of BCM, and the increase was similar to that observed for tfaS transcripts (14.8-fold). In contrast, gtrA transcript amounts were barely affected by BCM (Fig. 1A) , similarly to the host 16S RNA (6.52 × 10 5 and 6.10 × 10 5 copies minus and plus BCM, respectively), consistent with previous transcriptomic studies (12) . Because torI and tfaS transcription was affected similarly by BCM, we wondered whether these genes were cotranscribed upon Rho inactivation. RT-PCR experiments were performed with primers that hybridized in different ORFs upstream of the torI gene and up to tfaS (Table S2) . As shown in Fig. 1B , all of the primer pairs tested led to cDNA amplification only in the presence of BCM, indicating the presence of RNA molecules that encompassed the primers used upon Rho inactivation. More surprisingly, a large 6.2-kb cDNA was amplified by using primers that matched within the tfaS and torI ORFs. These results indicate that in the absence of functional Rho, transcription occurs from the tfaS promoter (Fig. S1A ) up to torI and through a predicted divergent operon (yfdKLMNO). Because a divergent operon is an ideal target for Rho-dependent termination (31), we verified that transcription was affected by Rho in that region. Fig. 2A shows the putative C-rich Rho utilization (rut) site (32) determined by sequence analysis of the region downstream of tfaS. In vitro transcription of a synthetic DNA template that encompassed tfaS and the putative terminator (Fig. 2, Upper) yielded 540-nt-long runoff transcripts (Fig. 2B, lanes 2 and 3) . In the presence of Rho, however, shorter transcripts were formed (approximately 430-530 nt; lane 4). Consistent with Rho-inducing transcription termination at the putative terminator (tsp) ( Fig.  2A) , formation of the short transcripts was amplified in the presence of the Rho cofactor NusG (Fig. 2B, lane 5) , whereas it was inhibited by BCM (Fig. 2B, lane 3) . We can note that even in the absence of translation, Rho-dependent termination did not occur within tfaS in vitro ( Fig. 2B ; see also Fig. S1B for details). Together, these data identify a Rho-dependent termination site downstream of tfaS that prevents KplE1 RDF gene expression.
We also tested the effect of Rho inhibition on torI transcription from its dedicated promoter in vivo. A primer extension experiment by reverse transcription (RT) was performed by using a reverse primer that matches into the torI-coding sequence (Table S2 ). In the absence of BCM, a major transcription start site (TSS) located at position 2474293 on the MG1655 chromosome was detected (Fig. 2C , underlined residue, note that a minor TSS signal was also detected at position 2474292) in accordance with the predicted −10 box (Fig. 2C, italics) . Upon addition of 25 μg/mL BCM, both TSS signals faded and totally disappeared in the presence of 100 μg/mL BCM (Fig. 2C) . This phenomenon is reminiscent of a mechanism known as promoter occlusion, when a promoter with a weak activity (PtorI) is overwhelmed by the activity of a stronger promoter (PtfaS) located upstream (33) . This experiment thus identified a weak functional promoter upstream of the torI ORF that is suppressed upon Rho inactivation. Notably, the transcriptional efficiency of the PtorI promoter is not sufficient to promote KplE1 excision under noninduced conditions.
Rho Maintains the KplE1 Prophage in E. coli K12. The integrase gene of KplE1 is transcribed independently from the RDF gene and is always expressed at a sufficient level to support prophage excision in the presence of the cognate RDF (24) . However, under noninduced conditions, expression of the torI gene is not sufficient to allow for KplE1 excision. Therefore, as BCM permits torI transcription at a high level, we tested the effect of BCM on prophage excision. Adding BCM was expected to result in prophage excision if TorI were produced at a sufficient level in the Table S2 for sequence correspondence) were used to detect transcripts after reverse transcription. The plain box indicates a putative operon of six genes ending with the torI transcript, whereas the dotted box indicates a putative transcript arising from tfaS. Gray arrows represent the 16 ORFs carried by KplE1, and a black arrow indicates the argW tRNA gene. regions. The Rho-dependent terminator is notably predicted from the large C > G bubble (graph) located downstream of the tfaS CDS (Fig. S1B) . The G% and C% curves were calculated with EMBOSS-FREAK (step = 1, window = 78). The DNA template used for in vitro transcriptions is schematically depicted above the graph. The gray box represents the pT7A1 promoter, 5′ indicates the 5′ UTR. (B) In vitro transcription experiments confirm the presence of a Rho-dependent signal at the expected location. Dotted lines identify bands corresponding to short transcripts formed specifically in the presence of active Rho. Whether these species represent Rho-dependent dissociation or inactivation (without dissociation) of transcription complexes cannot be formally ascertained from the assay. (C) torI TSS determination by primer extension in the presence or absence of BCM. torI TSSs are underlined, and their positions on the E. coli MG1655 genome are indicated. The −10 box is in italics.
absence of Rho activity. We performed in vivo excision assays ( Fig. 3 ), both qualitatively (colony PCR) on strain LCB6069 (MG1655 kilR::Km R ) and quantitatively (colony plating) on strain LCB6129 (MG1655 kilR gtrABS::Km R ). Both assays showed a dramatic excision increase in the presence of BCM. Moreover, we searched for the presence of the KplE1 prophage in a K12 strain that carried the rho-15 allele (34), which is temperature sensitive. In the TP7812 genetic background, only the attB site was amplified, even at a permissive temperature of 32°C, pointing to the loss of KplE1 in the rho mutant strain (Fig.  S2 ). In contrast, attL was correctly amplified in the wild-type isogenic strain (TP7811), consistent with Rho involvement in transcription termination (Fig. S2) . Numerous attempts were made to transfer the rho-15 allele by P1 transduction under permissive conditions into an MG1655 wild-type strain. Each time, the KplE1 prophage was excised as soon as the allele was acquired. Moreover, a Km R insertion between the yfdO and yfdP genes (strain LCB984), which is functional for site-specific recombination when the torI gene is overexpressed (35) , was not excised in the presence of BCM (Fig. S3A ), indicating that transcription was affected by the insertion of the resistance cassette that contains an intrinsic terminator. In contrast, a Km R insertion upstream of the tfaS promoter (strain LCB6129) did not affect excision in the presence of BCM (Fig. S3B) . Taken together, these results demonstrate that: (i) the Rho factor is involved in KplE1 prophage maintenance in E. coli; (ii) upon Rho inactivation, only the tfaS promoter is used to overexpress torI RDF gene, thus allowing KplE1 excision.
BCM Inhibition of Rho Induces Prophage HK620 in an SOS-Independent
Manner. Because the HK620 prophage integrates at the same locus in its host genome as KplE1 in MG1655 and because the site-specific recombination modules of HK620 and KplE1 have the same genetic organization (28), we tested whether Rho inhibition also affected excision of the HK620 prophage. We found that BCM triggered HK620 excision and, to our surprise, also promoted the formation of infectious phage particles and host lysis (Fig. 4 A and B) . We confirmed that like λ prophage, the HK620 prophage was also induced by mitomycin C (MMC), leading to a phage titer of 5 × 10 10 pfu/mL, similar to that obtained in the presence of BCM (3.5 × 10 10 pfu/mL) (26) . By contrast, λ prophage was not excised in the presence of BCM, nor did it form infectious phage particles under the same conditions (Fig. 4B) . Strikingly, antitermination, which is required for transcription elongation from the P L and P R promoters in λ (36, (Table S1 ) were treated or not treated with 100 μg/mL BCM or 5 μg/mL MMC. Pictures of the cultures were taken after 3 h at 37°C. (C) Phage titration assay. TD2158_PL4 and TD2158_PL4(HK620) were induced by using either BCM or MMC as above. The cells were pelleted by centrifugation, the supernatants were treated with chloroform, and filtered (0.22 μm). Serial dilutions (2 μL) of the crude lysates were spotted onto top agar containing the TD2158_PL4 strain. Calculated titers are indicated for each sample. (D) SOS response reporter assay. TD2158(HK620) and TD2158recA::Km R (HK620) strains (Table S1) were transformed with a pNOA1::cda′ vector that contained a Pcda'-gfpmut3* fusion used as an SOS response reporter, and treated or not treated with 100 μg/mL BCM or 5 μg/mL MMC. GFP production was monitored (excitation wavelength: 488 nm; emission wavelength: 521 nm), and values were normalized to 100, which corresponds to the value obtained with MMC.
37), has no role in λ prophage primary induction, whereas it appears sufficient to fully induce the HK620 prophage. It should be noted that the original TD2158 strain contained another prophage than HK620 that was induced in the presence of MMC but was not induced in the presence of BCM. Therefore, we made a cured version of the host strain to make sure that we did not observe a combined induction of the two prophages. Fig. 4 B and C show that TD2158_PL4 was actually cured because it was not lysed and nor did it form phage particles in the presence of MMC or BCM.
BCM is known to induce double-strand breaks (DSB) in E. coli (38) that, in turn, induce the SOS response and lambdoid prophages. We therefore wondered whether the SOS response was involved in HK620 virion formation in the presence of BCM. We used a well-characterized reporter of the SOS response, the pANO1::cda′ plasmid that contains a Pcda′-gfpmut3* fusion (Table S1 ) (39) . This reporter was transformed into lysogenic TD2158(HK620), and cultures were monitored for GFP production in the presence of BCM or MMC, the classical inducer of the SOS response. As expected, MMC induced the SOS response and gfp expression from the Pcda′ promoter, whereas BCM only slightly increased the expression of the Pcda′-gfp fusion (Fig. 4D) . We then constructed a recA derivative of strain TD2158 and lysogenized it with phage HK620 (Table S1 ). As expected, the Pcda′ promoter in the recA mutant was totally inactive in the presence of MMC (Fig. 4D ). Exposure to BCM triggered HK620 prophage induction in a recA background, as revealed by culture lysis, whereas MMC failed to induce HK620 lytic cycle in that strain (Fig. 4B) . Together, these results show that, upon Rho impairment, the HK620 prophage is induced in an SOS-independent manner.
Prophage excision is an early step of prophage induction. There is still a long way to go until virions are formed and released, which requires three other main steps: phage genome replication, capsid formation, and phage release. To measure HK620 gene expression in the presence of BCM, we used singlemolecule FISH (smFISH) experiments. Four primer sets were designed (Materials and Methods) and used to detect hkaC (RDF), hkaY (P replication protein), and hkaT (CI repressor) transcripts relative to host rpoA RNA. To our surprise, all three transcripts were reliably detected in the presence of BCM (Fig. 5  A and B and Fig. S4 ). This result shows that Rho inhibition triggers widespread transcription of prophage genes.
Two distinct mechanisms could account for these observations: (i) CI repression is insufficient to prevent transcription without help from Rho-dependent termination, i.e., there is basal lytic promoter activity that is counteracted by Rho under regular conditions, or (ii) Rho inhibition allows for the expression of an antirepressor gene whose product inactivates the CI repressor and, in turn, allows for the expression of lytic genes. Although no antirepressor gene was identified in the HK620 phage genome, we cannot rule out this hypothesis because antirepressor proteins are generally not conserved (40) . However, prophage induction by an antirepressor usually implies that the repressor should lack the self-catalytic residues, which is not the case for HkaT (NP_112053.1). We thus analyzed the transcripts that arose from the P R promoter, which is the main lytic promoter in P22-like phages (27, 41) . As shown in Fig. 5C , the regulation module (M4) of HK620 displays similarity to the corresponding lambda region and contains: (i) the cro gene; (ii) the early P L and P R promoters and the operators (O L , O R ) that regulate them; and (iii) the early and late transcription antitermination genes (27) . The primer extension identified the P R TSS at position 9174 in the HK620 genome (Fig. 5D) , which did not completely match the bioinformatics predictions that suggested a TSS site at position 9199 (27) . In the absence of BCM, basal activity of the P R promoter was observed without any amplification step, indicating leaky promoter activity. Upon BCM Percentages of cells induced upon Rho inactivation for the tested genes. mRNA quantification was monitored by smFISH and analyzed with R, a free software environment for statistical computing and graphics. The genes analyzed by smFISH were rpoA, hkaC, hkaY, and hkaT. They encode the α-subunit of the host RNA polymerase, phage HK620 RDF, replication protein P, and CI repressor, respectively. (B) Epifluorescence microscopy images of cells treated or not treated with BCM, corresponding to the data shown in A and to Fig. S4 for the tested genes. (C) Schematic representation of the HK620 prophage. Like the genome of numerous prophages, HK620 genome is organized into different modules (M1, integration; M2, EaGAID; M3, recombination; M4, regulation; M5, replication; M6, lysis) separated by boundary sequences (bsq 1-7) that correspond to hypothetical scars of genetic recombination (27) . The regulation module M4 was zoomed to emphasize its genetic organization: lytic promoters P L and P R, and operators O L and O R that regulate them (black arrows and black squares, respectively), CI promoter P RM (black arrows) and genes that constitute the module (gray arrows). (D) Activity of the pR promoter upon Rho inactivation. P R activity was determined by primer extension in the absence or presence of BCM at different time points. P R sequence is indicated below the sequencing gel generated by using the same reverse primer as the primer extension experiment and an upstream primer as indicated in Table S2 . P R TSS (position 9174) is in red, and the −10 box is underlined.
addition, the activity of P R increased over time, suggesting that either the P R promoter was derepressed, or the absence of downstream transcription termination stabilized the mRNA that arose from this promoter (Fig. 5D) . One possible scenario is that Rho inactivation allows for the expression of the immediately adjacent cro gene and all of the other downstream genes, such as the lytic ones, leading to HK620 prophage induction. Therefore, lysogeny maintenance in HK620 is made possible through two distinct pathways: (i) a classical one involving CI repressor-like, as in lambda; or (ii) a new one involving the transcription termination factor Rho. A global transcriptomic analysis of HK620 prophage induction will be needed to depict the exact transcriptional scenario that is involved in prophage induction by BCM.
Taken together, our results suggest that the transcription termination factor Rho is involved in prophage maintenance, because its inactivation induces defective prophage excision and loss upon clonal dilution (KplE1), as well as functional prophage excision and induction (HK620). These prophages integrate into the same argW locus, share a similar genetic organization of the recombination module, and their respective integrase genes are always expressed at low but sufficient levels to promote prophage excision as long as the RDF genes are expressed. A bioinformatics search allowed us to generalize this genetic organization to many prophages in bacterial genomes (24) . This analysis, recently updated to more than 2,000 prokaryotic genomes, shows that 57% of the integrase genes associated with tRNA are self-regulated. This study strongly suggests that the role of Rho in prophage maintenance and in genomic islands as a whole could be more important than at first suspected. It is tempting to connect the role of Rho in prophage maintenance to that described for other pleiotropic regulators in prophage stability in various organisms. In particular, the alternative sigma factor σ H in Staphylococcus aureus was shown to stabilize the lysogenic state by regulating the expression of prophage integrase genes (42) . Another example is the H-NS regulator, which controls Rac prophage excision in E. coli K12 (43) . It therefore appears that bacteria use different strategies involving master regulators, through either gene repression or transcription termination, to maintain beneficial prophage genes, while silencing those likely to be deleterious.
Materials and Methods
Strain Construction. LCB6069 is a derivative of MG1655 obtained by P1 transduction of the kilR::Km R marker (JW1347). The kan gene was removed by using the pCP20 plasmid to generate strain LCB6106 (kilR, Km S ). LCB6129 was obtained by P1 transduction of the gtrABS::Km R marker (LCB6053 source) into LCB6106. Strain TD2158_PL4 was cured by using MMC induction and plating of the remaining cells to recover phage-free colonies. Several rounds of MMC induction were used to check for the absence of any inducible prophage in the phage-free strain. LCB6144 is a derivate of TD2158_PL4 obtained by transduction of the recA::Km R marker (JW2669). All strains are described in Table S1 .
In Vivo Excision Assay. Strains LCB6069 (MG1655 kilR) and LCB6129 (MG1655 kilR gtrABS::Km R ) were grown in LB medium until the OD 600 reached 0.1 unit (10 8 cells per mL). BCM (100 μg/mL) was added and left for 3 h at 37°C under shaking. LCB6129 culture dilutions were prepared and plated onto rich medium containing kanamycin, Km R -CFU enumeration was compared with LB-grown-CFU enumeration, and the ratio of Km R CFUs over total CFUs was calculated. Values represent the average of at least three independent determinations. Alternatively, a PCR amplification was performed on 15 randomly chosen LCB6069 colonies treated or not treated with BCM, using specific primer pairs to test for the presence of attL and attB (44) .
smFISH Experiments. The procedures are based on refs. 45 and 46, with minor modifications. DNA oligonucleotide probes designed to hybridize on rpoA, hkaC, hkaY, and hkaT RNAs were designed by using the online program developed by Arjun Raj (http://singlemoleculefish.com/designer.html). DNA oligonucleotide mixes with 3′-end modifications (Texas Red and CAL Fluor Red 590) were ordered from Biosearch Technologies for rpoA, hkaY, and hkaT, and from Sigma-Aldrich for hkaC. smFISH probe sequences are listed in Table S3 . Briefly, an overnight culture of the TD2158(HK620) lysogen was diluted 100-fold, and the culture was incubated at 37°C under shaking.
When the OD 600 reached 0.1, the cells were treated or not treated with BCM (100 μg/mL) and left for 30 min at 37°C under shaking. One hundred microliters of cells were transferred to a poly-L-lysine-coated microslide channel. The cells were fixed with 100 μL of freshly prepared 3.7% formaldehyde (Euromedex) in 1× PBS (Sigma-Aldrich) and washed with 100 μL of 1× PBS twice before permeabilization with 70% (vol/vol) ethanol for 1 h at room temperature. The cells were then washed with 100 μL of 40% (vol/vol) wash solution [10 mL of 40% wash solution contain 4 g of formamide (Sigma-Aldrich) and 1 mL of 20× SSC (Euromedex)], and the microslide was left standing for 5 min. Forty-percent hybridization solution [10 mL of 40% hybridization solution contain 1 g of dextran sulfate, 4 g of formamide, 10 mg of E. coli tRNA (Sigma-Aldrich), 1 mL of 20× SSC, 40 μL of 50 mg/mL BSA, and 100 μL of 200 mM ribonucleoside vanadyl complex (New England Biosciences)] was warmed to room temperature and 50 μL were added to a microcentrifuge tube. Three microliters of a 2.5 μM probe solution were added to the hybridization solution and mixed well. The cells were covered with the hybridization solution containing the probes and left at 30°C overnight. Then they were washed three times in 100 μL of 40% wash solution and incubated at 30°C for 30 min. Finally, the cells were covered with 30 μL of citifluor (Biovalley). The samples were imaged by using an inverted epifluorescence microscope (Nikon Instruments Eclipse TiE) and a cooled CCD camera (Orca R2 Hamamatsu). A 100× N.A. 1.30 oil immersion phase contrast objective (Nikon Instruments Plan Fluor) was used. A Texas Red filter set (SEMROCK HQ 4040B) was used for imaging mRNA labeled by rpoA, hkaC, hkaY, and hkaT smFISH probes. Each sample was imaged at multiple locations and statistics were calculated by using R.
qRT-PCR. Relative mRNA abundance was assessed by real-time reverse transcription-PCR. Specific primer pairs with 55°C melting temperature were designed by using Primer3 software (Table S2) . Total RNAs from ∼10 9 cells of the LCB6069 strain, grown in the presence or absence of 100 μg/mL BCM at an OD 600 of 0.1 and grown aerobically up to midlog phase, were extracted by using the PureYield RNA Midiprep System (Promega). RNAs were then retrotranscribed with random nonamers by using GoScript reverse transcriptase (Promega) at 42°C for 60 min, and then treated at 70°C for 15 min to inactivate the enzyme. Real-time PCR quantifications were performed with an Eppendorf Mastercycler ep realplex instrument and the SYBR Premix Ex Taq (TaKaRa) according to the manufacturer's instructions. Serial dilutions of cDNA were mixed with 1.5 mM of specific primers and 6 μL of master mix in a 14-μL final volume. PCR parameters were as follows: one cycle at 95°C for 2 min followed by 40 cycles at 95°C for 5 s, 55°C for 15 s, and 72°C for 10 s. Results represent the average of four independent determinations.
Primer Extension Analysis. The transcription start sites of the torI and tfaS genes were determined in E. coli MG1655 derivative LCB6069. The transcription start site of the P R promoter of prophage HK620 was determined in E. coli TD2158_PL4(HK620) lysogen. Briefly, cultures of the corresponding strain were treated or not treated with bicyclomycin and grown aerobically until the culture reached an OD 600 of 0.6 before RNA extraction. The oligonucleotides used as probes (Table S2) were end labeled with [γ-32 P]ATP (2,500 Ci/mmol) by using T4 polynucleotide kinase (New England Biolabs) and purified with a QIAGEN QIAquick nucleotide removal kit. Primer extension reactions were performed by using GOscript reverse transcriptase (Promega). The sequencing ladders were generated by using a sequencing kit (Fermentas) with the same oligonucleotides as those used for primer extensions.
In Vitro Termination Transcription Experiments. Sigma-saturated RNA polymerase from E. coli was purchased from Epicentre. Recombinant Rho and NusG proteins were overexpressed and purified as described (47) . For in vitro transcription experiments, the tfaS region (gbjU00096.2j:2468780-2469320) was fused to the T7A1 promoter and treated as described (47, 48) . The DNA templates were prepared by standard PCR procedures, using genomic DNA from E. coli and appropriate synthetic primers (Table S2) . Standard transcription termination experiments were performed as described, with minor modifications (47) . Briefly, 18-μL mixtures containing the DNA templates (5 nM final concentration), RNA polymerase (20 nM), Rho (0 or 70 nM), SUPERase-In (0.5 U/μL; Ambion), and NusG (0 or 140 nM) in transcription buffer (40 mM Tris·HCl at pH 8.0, 50 mM KCl, 5 mM MgCl 2 , and 1.5 mM DTT) were preincubated for 10 min at 37°C. Then, 2 μL of transcription initiation mix (2 mM ATP, GTP, and CTP and 0.2 mM UTP, 2.5 μCi/μL [γ- 32 P]UTP, and 250 μg/mL rifampicin in transcription buffer; binding of rifampicin to RNA polymerase is too slow to affect the first round of transcription (49) but impairs subsequent ones) were added before incubation for 20 min at 37°C. That way, most of the transcription complexes that were not irreversibly stalled or dissociated had sufficient time to evolve into runoff species.
